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Abstract Resonant Raman scattering by optical phonon
modes as well as their overtones was investigated in ZnS and
ZnO quantum dots grown by the Langmuir–Blodgett tech-
nique. The in situ formation of ZnS/ZnO core/shell quantum
dots was monitored by Raman spectroscopy during laser il-
lumination.
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II–VI semiconductor nanomaterials such as ZnS and ZnO
quantum dots (QDs) having a wide band gap attract much
attention due to their tremendous potential applications in
ultraviolet optical and optoelectronic devices [1, 2]. The
electron–phonon interaction influences the electronic and
optical properties of the nanomaterials and consequently the
device performance. Therefore the knowledge of the phonon
spectra of nanomaterials is of a great importance. Several ex-
perimental techniques including methods of the wet chem-
istry [3–5] or combination of evaporation techniques with
wet chemistry [6], colloidal chemistry [7–9], preparation of
QDs in polymer matrices [10], sputtering techniques [11,
12], and sol–gel methods [13] are known to be used for
the formation of ZnS and ZnO QDs. Among those the
Langmuir–Blodgett (LB) technique is considered as a ver-
satile, relatively simple, fast, and low-cost method for QD
fabrication of II–VI and IV–VI materials with controllable
QD areal density on different substrates [14–18]. It was es-
tablished that ZnS and ZnO QDs grown by the LB technique
are predominantly formed in a cubic and hexagonal sym-
metry, respectively [19]. Raman spectroscopy is one of the
most powerful techniques for the investigation of phonon
spectra of nanostructured materials. Most of the published
data on the phonon spectra of QDs by a variety of fabrica-
tion methods were obtained by Raman scattering. Optical
and surface optical phonon modes as well as multiphonon
modes in CdS, PbS, CuS, and Ag2S QDs were observed in
a number of resonant and non-resonant Raman experiments
[3, 4, 6, 12].
In this paper we report on the fabrication of ZnS and ZnO
QDs using the LB technique as well as on in situ formation
of core/shell ZnS/ZnO QDs during laser annealing of the
grown ZnS QDs and the study of their phonon spectra by
means of Raman spectroscopy.
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2 Experimental
The LB technology was used to prepare high quality films of
Zn behenate on quartz and Si substrates covered by a 100 nm
thick Au or Pt layer. The thickness of LB films under inves-
tigation was in the range of 100–400 monolayers. The re-
action of the behenate with gaseous H2S (100 Torr, 22 °C)
results in the formation of ZnS QDs. ZnS QD layers with
nominal thicknesses of about 17–70 nm were obtained after
removing the organic matrix by thermal annealing in an in-
ert atmosphere at a temperature of 200 °C. ZnO QDs were
formed as a result of annealing in air of either Zn behenate
films or ZnS QDs at 600 °C.
Raman experiments were carried out using Dilor XY800,
T64000, and Labram spectrometers in back-scattering ge-
ometries analyzing the non-polarized scattered light in a
micro configuration at ambient conditions. The 514.5 and
325 nm lines of Ar+ and HeCd lasers were used as exci-
tation sources. The laser light with a power varying in the
range of 0.4–40 mW was focused to a diameter of about
1 µm.
3 Results and discussion
The size of predominantly spherical ZnS QDs as determined
from transmission electron microscopy and scanning elec-
tron microscopy experiments images is in the range of 2–
6 nm. These data are in accordance with our previous results
obtained for CdS, ZnS, and PbS QDs [20]. ZnO QDs have a
half-spherical shape with a base size of about 40 nm and a
QD height of about 4 nm.
The energies of interband transitions in ZnO and ZnS
QDs are about 3.3 and 4 eV, respectively, and are close to
or exceed the direct band gap energies of the correspond-
ing bulk material [18]. This makes non-resonant (e.g. at
λ = 514.5 nm (2.41 eV)) and near-resonant (at λ = 325 nm
(3.82 eV)) Raman scattering measurements of the QDs pos-
sible.
Figure 1 shows the non-resonant Raman scattering spec-
tra of ZnS and ZnO QDs measured with λ = 514.5 nm at
300 K after removal of the organic matrix. Since ZnS QDs
refer to the nanostructures having the cubic symmetry, scat-
tering by LO optical phonons in the QDs should contribute
predominantly to the Raman spectra. Therefore, the peak
at about 348 cm−1 is assigned to the LO phonon mode.
A weaker feature at about 220 cm−1 is attributed to second-
order Raman scattering [21]. ZnO QDs under investigation
have a wurtzite crystal structure [19] and demonstrate in
the non-resonant Raman spectra a pronounced vibrational
mode at 440 cm−1 and a relatively broad peak centered at
583 cm−1 assigned to the E2(high) mode and the contribu-
tion of A1(LO) and/or E1(LO) phonons in the QDs, respec-
tively. A weak feature at 335 cm−1 is due to a second-order
Fig. 1 Non-resonant Raman spectra of (1) ZnS and (2) ZnO QDs mea-
sured with λ = 514.5 nm and a laser power of 10 mW
Raman scattering process in ZnO [22]. These observations
are similar to the results obtained for ZnO QDs with a diam-
eter of 20 nm prepared by a wet-chemistry method [4].
Note that the QDs are transparent for the laser light with
λ = 514.5 nm and, therefore, neither any shift of the phonon
frequency positions nor structural changes in the QDs due
to the laser heating was observed under these non-resonant
conditions despite the fact that the laser power was varied in
the range from 10 to 40 mW.
Resonant Raman spectra of ZnS QDs with a nominal
thickness of 70 nm (Fig. 2a) measured with laser wave-
length of 325 nm demonstrate strongly enhanced (two or-
ders of magnitude) Raman scattering by LO phonon modes
at 348 cm−1 and its overtone at doubled frequency. In
addition, new weaker features were observed at 302, 431
and 643 cm−1 the frequency positions of which were de-
rived from the best fit of the experimental spectrum using
Lorentzian curves. The feature at 302 cm−1 is situated be-
tween the frequency positions of LO and TO (273 cm−1)
phonons at the center of the Brillouin zone (Γ point) of
ZnS. Typically, surface optical (SO) modes which exist near
QD surface and decay exponentially away from the sur-
face are responsible for appearance of the modes located
between the LO and TO frequency positions. However, ac-
cording to infrared reflection measurements performed on
the ZnS nanostructures (not shown here) the frequency po-
sition of the SO phonon corresponds to a value of 330 cm−1
which agrees well with calculated and experimental data
obtained earlier for ZnS QDs [6]. This value differs from
the frequency position of the observed feature (302 cm−1).
Therefore, it was attributed to the TO phonon mode from
the X point of the Brillouin zone [23]. This mode is nor-
mally prohibited by Raman selection rules for cubic crystals.
However, the weakening of selection rules in QDs can pro-
mote the observation of “prohibited” lines in Raman spec-
tra. Analogously, the vibrational modes seen at 431 and
643 cm−1 were attributed to the second-order Raman scat-
tering by LA(X) or LA(L) phonons and to the combinational
mode (LO(Γ ) + TO(X)) [23].
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Fig. 2 Resonant UV Raman
spectra of (a) ZnS and (b) ZnO
QDs measured with λ = 325 nm
and a laser power of 1.5 mW.
The numbers in the right panel
indicate the corresponding
overtones of LO(A1) phonon
mode. The inset shows the
frequency position of overtones
vs. the overtone order
Fig. 3 (a) Raman spectra of
ZnS QDs measured during
oxidation process under laser
illumination with 325 nm during
15 s with different laser power,
(b) time evolution of Raman
spectra of ZnS/ZnO core/shell
QDs measured with 325 nm
during 60 s and a laser power of
3 mW
Figure 2b shows the resonant Raman spectrum of ZnO
QDs with a nominal thickness of 70 nm. The most promi-
nent peak at 576 cm−1 indicated as 1LO(A1) is due to first-
order Raman scattering by LO phonons of A1 symmetry [4].
A large number of periodical peak repetitions is attributed
to multiple-phonon Raman scattering (up to ninth order)
and indicates the very high crystalline quality of the fabri-
cated nanostructures. To the best of our knowledge, multi-
phonon LO modes in ZnO QDs were observed up to eighth
order at low temperature (77 K) while a strong band edge
free excitonic photoluminescence near 4000 cm−1 prevents
the observation of multiphonon modes at room tempera-
ture [12]. In our case, this photoluminescence is suppressed
most probably by defect states at the QD surfaces as well as
by minimization of laser excitation power and spectrometer
slits. As one can see from the inset to Fig. 2b, the frequency
position of the nth overtone is well described by the formula
ωn = n · ω(LO(A1)).
The information on the phonon spectra of ZnO QDs was
used to explain the evolution of resonant Raman spectra of
ZnS QDs with laser power density and illumination time.
Figure 3a shows the Raman spectra of ZnS QDs measured
with different laser power (from 0.4 to 4 mW) with accu-
mulation time of 15 seconds. One can see that at a low laser
excitation power (up to 1 mW) the Raman spectra evidence
only the LO phonon mode near 350 cm−1 originating from
ZnS QDs. A higher laser excitation power (above 1 mW)
causes the appearance of a peak at about 576 cm−1 which
is attributed to the LO(A1) phonon mode from a ZnO shell
formed most probably due to a partial oxidation of the ZnS
QDs. Its intensity (IZnO) increases with increasing the laser
power while the intensity of LO phonon peak from the ZnS
core (IZnS) decreases simultaneously. Raman spectra mea-
sured with 4 mW demonstrate the appearance of the LO
phonon overtone from the ZnO shell (denoted in Fig. 3a as
2LOZnO).
Time evolution of Raman spectra of ZnS/ZnO core/shell
structure under laser illumination (3 mW) is shown in
Fig. 3b. One can see that the Raman spectrum measured at
a laser power of 3 mW during the first 60 s reveals besides
the LO phonon mode in the ZnS core seen at 350 cm−1 the
feature at 576 cm−1 due to Raman scattering by the LO(A1)
phonon in the ZnO shell. One can see from Fig. 3b that the
intensity of both modes decreases with time while their ratio
IZnO/IZnS increases. The first issue indicates a partial amor-
phization of the nanostructure under intensive laser illumi-
nation while the second one evidences increasing thickness
of the ZnO shell. The evolution of the intensity ratio of the
phonon modes in the shell and the core shown in the inset to
Fig. 3b shows a trend towards saturation after 10 minutes of
laser illumination. This means that the ZnO shell prevents
further oxidation of the ZnS core. No remarkable shift of the
phonon modes induced by the phonon confinement in either
ZnS or ZnO was observed which one could expect for thin
ZnO shells of small ZnS core. This can be explained by a
rather flat dispersion of the optical phonons in ZnO and ZnS
[23] and a broad size distribution of the QDs.
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4 Conclusion
We demonstrate the successful growth of ZnS and ZnO QD
arrays using LB technology. Non-resonant and resonant Ra-
man scattering by LO phonons in ZnS and ZnO QDs is ob-
served. Multiple-phonon Raman scattering in ZnS and ZnO
QDs up to second and ninth order, respectively, confirms a
high crystalline quality of the QDs grown and evidences a
strong electron–phonon interaction in the QDs. Time evo-
lution of Raman spectra under laser illumination allows the
monitoring of oxidation processes of ZnS nanostructures re-
sulting in the formation of ZnS/ZnO core/shell QDs.
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